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Glycine Release from Radial Cells Modulates the
Spontaneous Activity and Its Propagation during Early
Spinal Cord Development
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Rhythmic electrical activity is a hallmark of the developing embryonic CNS and is required for proper development in addition to genetic
programs. Neurotransmitter release contributes to the genesis of this activity. In the mouse spinal cord, this rhythmic activity occurs after
embryonic day 11.5 (E11.5) as waves spreading along the entire cord. At E12.5, blocking glycine receptors alters the propagation of the
rhythmic activity, but the cellular source of the glycine receptor agonist, the release mechanisms, and its function remain obscure. At this
early stage, the presence of synaptic activity even remains unexplored. Using isolated embryonic spinal cord preparations and whole-cell
patch-clamp recordings of identified motoneurons, we find that the first synaptic activity develops at E12.5 and is mainly GABAergic.
Using a multiple approach including direct measurement of neurotransmitter release (i.e., outside-out sniffer technique), we also show
that, between E12.5 and E14.5, the main source of glycine in the embryonic spinal cord is radial cell progenitors, also known to be involved
in neuronal migration. We then demonstrate that radial cells can release glycine during synaptogenesis. This spontaneous non-neuronal
glycine release can also be evoked by mechanical stimuli and occurs through volume-sensitive chloride channels. Finally, we find that
basal glycine release upregulates the propagating spontaneous rhythmic activity by depolarizing immature neurons and by increasing
membrane potential fluctuations. Our data raise the question of a new role of radial cells as secretory cells involved in the modulation of
the spontaneous electrical activity of embryonic neuronal networks.

Introduction

A remarkable feature of the developing CNS is its ability to gen-
erate spontaneous electrical activity (O’Donovan, 1999; Ben-Ari,
2001; Zhang and Poo, 2001). This activity consists of explosive
bursts of action potentials separated by long silences that can
spread between brain regions. Such spontaneous activity is thought
to be initiated by nonsynaptic transmitter release during early devel-
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opment and then synaptically at later stages (O’Donovan, 1999;
Ben-Ari et al., 2004). Although the mechanisms of synaptically
driven spontaneous activity have yet to be elucidated, it is clear
that many excitatory neurotransmitters are involved in the gen-
esis of these bursts (O’Donovan et al., 1998) and that activity-
dependent network depression likely allows the periods of
quiescence between bursts (Tabak et al., 2001). Spontaneous
electrical activity that occurs at early stages of development be-
fore and during the formation of synaptic networks is needed for
neuronal proliferation, migration, and differentiation (Spitzer,
2006). This nonsynaptic early activity was extensively monitored
using optical imaging of intracellular Ca*" and revealed the pres-
ence of calcium transients engaging the release of endogenous
neurotransmitters and gap junctions (Gu and Spitzer, 1997;
Spitzer, 2006). However, the identity of the cellular source of
these transmitters is less clear: are they released by newly born
neurons or by embryonic progenitors cells such as radial cells
(RCs), which represent both neuroepithelial cells and radial glial
cells in early embryos (Barry and McDermott, 2005)? In the hip-
pocampus, it has been assumed that GABA and glutamate are
released by newborn neurons (Demarque et al., 2002). In the
developing cortex, taurine, a glycine receptor (GlyR) agonist is
thought to be released from immature neurons (Flint et al., 1998).
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In addition, the mechanisms that underlie the nonsynaptic release
also remain to be clarified. Paracrine processes operating via un-
known pathways are suggested to underlie the liberation of tau-
rine, GABA, and glutamate during early development (Flint et al.,
1998; Demarque et al., 2002; Liu et al., 2005; Bordey, 2007).

In the mouse spinal cord (SC), experiments based on extra-
cellular recordings and pharmacology suggest that glycinergic
transmission is important to the occurrence of spontaneous
rhythmic activities at early stages [as early as embryonic day 12.5
(E12.5)] (Hanson and Landmesser, 2003; Ren and Greer, 2003).
However, at this stage, glycinergic interneurons are extremely
sparse (Allain et al., 2006), suggesting that GlyR agonists could
have a non-neuronal origin. In this study, we investigated the
possibility of a nonsynaptic release of glycine at early stages of
development in the lumbar SC. Using multiple direct ap-
proaches, we demonstrate that RCs release glycine at the onset of
synaptogenesis in the SC. We show that glycine release from RCs
is independent of action potential firing and is not vesicular.
Instead, glycine release is elicited by cell membrane stretch and
likely involves volume-sensitive outwardly rectifying (VSOR)
chloride channels. We finally demonstrate that this early basal
glycine release influences the excitability of SC neurons, thereby
modulating the propagation of bursts of action potentials in the
isolated embryonic SC.

Materials and Methods

Isolated spinal cord preparation. These experiments were performed in ac-
cordance with European Community guiding principles on the care and use
of animals (86/609/CEE; Official Journal of the European Communities no.
1358; December 18, 1986), French Decree no. 97/748 of October 19, 1987
(Journal Officiel de la République Frangaise; October 20, 1987) and the rec-
ommendations of the Centre National de la Recherche Scientifique. Embry-
onic SCs from mice were obtained as described previously (Delpy et al.,
2008). Briefly, pregnant mice were anesthetized by intramuscular injection
of a mix of ketamine and xylazine. Embryos were removed, and the SC was
isolated. Whole SCs were then maintained for 1 h before recording in an
artificial CSF (ACSF) containing the following (in mm): 130 NaCl, 26
NaHCO;, 1.25 NaH,PO,, 3 KCl, 10 glucose, 2 CaCl,, and 2 MgCl,, at 32°C,
continuously bubbled with a 95% O,-5% CO, gas mixture.

Whole-cell recordings and analysis. The isolated SC was placed in a
recording chamber and continuously perfused at room temperature
(20-24°C) with the oxygenated ACSF (1.9 ml/min). Standard whole-cell
voltage-clamp recordings of motoneurons (MNs) were made under di-
rect visualization using an infrared-sensitive CCD video camera. MNs
were easily distinguishable by their location in the ventral area and by
their size. To confirm motoneuronal identity, the recorded cells were
filled with Neurobiotin (2 mg/ml) and revealed in combination with an
Islet1/2 staining; Islet1/2 is a specific marker of embryonic MNs (Ericson
et al,, 1992) (see Fig. 3A,B). Whole-cell patch-clamp electrodes were
pulled from thick-wall borosilicate glass using a Brown-Flaming puller
(Sutter Instrument). The tip of the electrode was fire-polished using a
microforge (Narishige). Patch-clamp electrodes had resistances of 2—4
M(). For voltage-clamp experiments, the electrode was filled with a
solution containing the following (in mm): 135 CsCl, 2 MgCl,, 4
Na;ATP, 10 EGTA, and 10 HEPES, pH 7.2 (290 mosmol/kg H,O). For
current clamp, the electrode contained the following (in mm): 92
K-gluconate, 38 KCI, 5 NaCl, 10 HEPES, 2 MgATP, and 1 EGTA, pH
7.4 (285 mosmol/kg H,O; equilibrium potential for chloride ions,
E, =~ —30 mV (i.e., close to the physiological values measured at
these embryonic ages) (Delpy et al., 2008)]. Events were recorded
using an Axopatch 200B or a Multiclamp 700B amplifier (Molecular
Devices). Data were low-pass filtered (2 kHz) and acquired at 10 kHz
on a computer using pClamp9 software. Spontaneous events were
recorded at a holding potential of —60 mV.

A synaptic current was defined as an event having a fast rise time and a
slow decay time. The spontaneous synaptic activity was analyzed during
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arecording period of 5-10 min. Spontaneous synaptic events were digi-
tized with pClamp9 software (Molecular Devices). Events were detected
using a derivative threshold method using Axograph 4.9 (Molecular De-
vices) and were further accepted or rejected on the basis of their time
course (Muller et al., 2006).

Single-channel activity was measured by constructing point-per-point
amplitude histograms of successive short data segments (5-10 s) to min-
imize distortion caused by slow basal current fluctuations (see Fig. 2).
The point-per-point amplitude histograms were then averaged. The ef-
fects of drugs on single channel activity were analyzed by comparing the
averaged point-per-point amplitude histograms obtained from traces of
identical duration. The basal current noise peak distribution was fitted
using a single Gaussian curve. As shown in Figure 2, single-channel cur-
rents have an inward direction. The single-channel current activity was
estimated by measuring the area of the point-per-point amplitude histo-
grams for current values lower than 2 times the SD value of the Gaussian
curve describing the basal current noise distribution (SD values usually
ranged from 0.5 to 1.3 pA between recordings).

Extracellular recordings and stimulations. In the same experimental
conditions as for whole-cell recordings, spontaneous activity was re-
corded extracellularly from E12.5 spinal cords using a glass electrode
placed into the ventral cord and connected to a high-gain AC amplifier
(ISO-DAMB8A-4 Bio-amplifier System; World Precision Instruments).
Filtered (bandwidth, 300 Hz to 10 kHz) raw signals were integrated oft-
line and analyzed using Spike2 software (Cambridge Electronic Design).
Changes in burst area and burst duration were calculated from cervical,
thoracic, and lumbar recordings. Data in the present study correspond to
mean modifications across the three spinal cord levels. Episodes of activ-
ity were induced by electrical stimulations, through a bipolar electrode
positioned at cervical level, using a Master-8-vp connected to ISO-Flex
isolation units (A.M.P.L.).

Sniffer recordings. To make a “sniffer” electrode (Young and Poo,
1983), an outside-out patch was pulled from a transfected CHO cell line
expressing the GlyR a2 subunit (Mangin et al., 2003). Homomeric GlyR
a2 subunits, highly specific for glycine, were characterized by a high
elementary conductance (100—120 pS), a long mean open time, and little
desensitization, making them a good sensor for glycine (Mangin et al.,
2003). As a control, the electrode was first positioned outside the SC to
verify any glycine contamination in the recording medium. The electrode
was then pushed inside the SC and positioned within the motoneuronal
area. Outside-out patch-clamp electrodes (5-10 M{}) were pulled from
thick-wall borosilicate glass, fire-polished, and filled with the following
(in mM): 130 CsCl, 4 MgCl,, 4 Na,ATP, 10 EGTA, 10 HEPES, pH 7.2;
osmolarity, 290 mosmol/kg H,O. Single-channel currents were recorded
using an Axopatch 200B amplifier (Molecular Devices). Recordings were
filtered at 10 kHz, sampled at 50 kHz, and stored on a PC computer.
Membrane potential was held at —50 mV throughout the experiment.
Analysis of the sniffer currents was performed using Axograph 4.9
software (Molecular Devices). Decay rates of sniffer currents were
estimated by measuring the duration of the sniffer current at 20% of
the peak amplitude (see Fig. 7). One thousand consecutive points
were averaged to measure changes in current amplitude with time
(sampling rate, 50 kHz).

Chinese hamster ovarian cells (CHO-K1; ATCC CCL61) were main-
tained in a 95% air—5% CO, humidified incubator, at 35°C, in DMEM
supplemented with 0.11 g/L sodium pyruvate, 6 g/L D-glucose, and 10%
(v/v) heat-inactivated fetal bovine serum (all from Invitrogen). Cells
were passaged every 5-6 d (up to a maximum of 20 times). For electro-
physiological recordings, cells were seeded onto glass coverslips coated
with poly-L-ornithine (0.1 mg/ml). Glycine receptor «, subunit cloning
and transfection were performed as described by Mangin et al. (2003).

Pharmacological agents. All drugs were bath-applied. The glycine re-
ceptor antagonist strychnine hemisulfate salt (1-5 um; Sigma-Aldrich),
the GABA, receptor antagonist gabazine (2 um; Sigma-Aldrich), and
TTX (0.5-1 pm; Sigma-Aldrich) were dissolved in the bathing solution.
The glycine membrane transporter 1 (GlyT1) blocker N-[3-(4'-fluorophenyl)-
3-(4'-phenylphenoxy)propyl]sarcosine hydrochloride (ALX-5407) (1
uM; Sigma-Aldrich) was dissolved in ACSF. The nonspecific GlyT
blocker O-[(2-benzyloxyphenyl-3-flurophenyl)methyl]-L-serine (ALX-
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Table 1. Primary antibodies used in the present study (all with a 2% PFA fixation)
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Antigen Type Name Origin Dilution
Glycine—PFA conjugate Rat polyclonal Gift from Prof. David Pow (University of Newcastle, Newcastle, Australia) 1:3000
Islet1/2 Mouse monoclonal 40.2D6 39.4D5 Developmental Studies Hybridoma Bank 1:100
Nestin Mouse monoclonal Rat 401 Developmental Studies Hybridoma Bank 1:300
RC2 Mouse monoclonal RC2 Developmental Studies Hybridoma Bank 1:4
Taurine—PFA conjugate Rabbit polyclonal 1G1109 ImmunoSolution PTY 1:1000
VIAAT Rabbit polyclonal Gift from Dr. B. Gasnier (Institut de Biologie Physico-Chimique, Paris, France) 1:1000

1393) (0.5 uMm; Sigma-Aldrich), flufenamic acid (100 wm; Sigma-Aldrich),
4-(2-butyl-6,7-dichloro-2-cyclopentylindan-1-on-5-yl)oxybutyric acid
(DCPIB) (10 um), the proton pump inhibitor bafilomycin Al (4 um;
Tocris), and capsaicin (10 um; Sigma-Aldrich) were dissolved in DMSO
(final concentration, 0.1%). 1-[2-(4-Methoxyphenyl)-2-[3-(4-methoxy-
phenyl)propoxy]Jethyl]-1 H-imidazole hydrochloride (SKF-96365)
(30-100 pMm; Tocris), gadolinium (GdCl;) (100 wwm; Sigma-Aldrich),
adenosine triphosphate (ATP-Na) (20 um; Sigma-Aldrich), DCPIB (10
uM; Tocris), and phloretin (10 um; Sigma-Aldrich) were dissolved in
ACSF. ATP-Na was first solubilized in sterile cold water to obtain 20 mm
and then diluted to 20 uMm in ACSF before use. Capsaicin (Tocris) was
first solubilized in DMSO (Sigma-Aldrich) to obtain 10 mum, and then
diluted to 10 um in ACSF (0.1% DMSO final concentration).

SCs were incubated for 1-3 h in the presence of bafilomycin A1 before
recordings. ACSF containing 0.1% DMSO did not affect synaptic activity
or GlyR activation (data not shown).

Immunohistochemistry. Immunostaining was performed on SC trans-
verse lumbar sections. For sectioning, E11.5-E15.5 SCs were fixed in 2%
paraformaldehyde (PFA) for 2 h, rinsed in 0.1 M PBS, cryoprotected in
sucrose, frozen, and transversally cut in 25-um-thick sections using a
Leica CM 3050 S cryostat. For hypotonic tests, E12.5 SCs were incubated
for 1 h either in control conditions (325 mosmol/kg H,O ACSF) or in
hypotonic ACSF (200 mosmol/kg H,O) with or without specific drugs
(see Results) before fixation. For taurine immunostaining, cerebella were
collected from adult mice perfused with 2% PFA. Sections were incu-
bated with primary antibodies for 48 h at 4°C in 0.1 M PBS (containing
0.2% BSA and 0.1% Triton X-100). All primary antibodies used are listed
in Table 1. To reveal Neurobiotin-injected MNs, streptavidin-Cy5 (1:
400; Invitrogen) was added to the primary antibody solution. Then, after
three rinses in PBS, SCs were incubated at room temperature for 2 h in
appropriate secondary antibodies (1:400; Invitrogen). These were Alexa
Fluor 488 goat anti-rabbit or anti-mouse IgG(H+L), Alexa Fluor 546
goat anti-mouse IgG(H+L) or donkey anti-rat IgG(H+L). After rinsing
in 0.1 M PBS, SCs were mounted in 90% glycerol/10% PBS/2.5% DABCO
[1,4-diazabicyclo(2.2.2)octane] (Sigma-Aldrich). Even though the spec-
ificity of the polyclonal rat anti-glycine antibody was verified using im-
munoblotting by Prof. D. Pow (University of Newcastle, Newcastle,
Australia) (Pow et al., 1995), the specificity of the glycine labeling was
tested using a glycine-PFA-BSA conjugate as previously referred to
(Allain et al., 2006).

Confocal microscopy. Preparations were analyzed using a BX51 Olym-
pus Fluoview 500 confocal microscope. For quantitative analysis of la-
beled RC fibers on SC transverse sections, serial optical sections were
obtained at a Z-step of 0.3 um and imaged using an objective 40X/1.00
numerical aperture oil.

Image analysis, quantification, and statistics. In transverse sections of
embryonic lumbar SCs, nestin-immunoreactive (ir), glycine-ir, and
double-stained nestin/glycine RC fibers were counted manually in three
optical sections (5-11 embryos, three different litters) randomly chosen
in the ventral area. The threshold used to determine whether a cell was
coimmunolabeled was set at twice the intensity of background noise
measured between radial cell fibers. Background noise intensity did not
strongly vary between experiments. All values were expressed as mean *+
SEM. Statistical significance was assessed by a one-way ANOVA or by
nonparametric Mann—Whitney test or Wilcoxon’s matched pairs test
(GraphPad Software).

Lucifer yellow and Neurobiotin uptake. For Lucifer yellow (LY) uptake
experiments, embryonic SCs (E12.5-E13.5) were isolated with meninges

in ACSF (30 min). SCs were then transferred into chambers containing 1
muM LY (Sigma-Aldrich) dissolved in ACSF. To determine whether iso-
tonic solutions can increase LY uptake by RCs, SCs were exposed for
15-20 min to LY dissolved in 200 mosmol/kg H,O solution. For Neuro-
biotin uptake experiments, SCs were prepared as described above but LY
was replaced with 3.5 mm Neurobiotin (Vector Laboratories). All exper-
iments were performed at 32°C. SCs were fixed overnight in 4% PFA and
cryoprotected for 24 h in sucrose. Transverse frozen sections (35 wm
thick) were made, rinsed in 0.1 M PBS, and mounted with Vectashield
(Vector Laboratories). For Neurobiotin staining, cryostat slices were
rinsed in PBS and quenched in 50 mm NH,Cl in PBS for 20 min at room
temperature. To reveal Neurobiotin-labeled cells, slices were permeabil-
ized in 0.2% (v/v) Triton X-100 (Sigma-Aldrich) and 0.25% (v/v) fish
gelatin (Sigma-Aldrich) for 1 h at room temperature. They were then
incubated for 3 h at room temperature with streptavidin-Alexa 488 (1:
500) (Invitrogen). Slices were then rinsed in PBS before being mounted
with Vectashield. Fluorescence was observed under a confocal laser-
scanning microscope (Leica SP5) using a 40X oil-immersion objective of
numerical aperture 1.25. The dyes LY and Alexa 488 were excited with a
405 nm diode laser and the 488 nm line of an argon laser, respectively.
The x—y resolution of each stack was 2048 X 2048 pixels over a scan area
of 387.5 X 387.5 um?. Typically, stacks of 30 sections with an interval of
0.5 wm from the surface were scanned three times to optimize the signal-
to-noise ratio. ImageJ public domain software (Wayne Rasband; Na-
tional Institutes of Health; http://rsb.info.nih.gov/ij/) was used to analyze
projections from stack sections. The threshold used to determine
whether a cell took up Lucifer yellow or Neurobiotin was set at twice the
intensity of background noise measured outside the ventromedial part of
the spinal cord (background noise intensity did not strongly vary be-
tween experiments). Because somata of RCs are located in the interme-
diate part of the ventricular zone, the number of stained RCs was
estimated by counting fluorescent cell bodies in the ventral part of the
ventricular zone (within a 300 wm area dorsal to the floorplate).

Results
Spontaneously active GlyRs at E12.5 in the embryonic
spinal cord
Direct evidence concerning the establishment of GABAergic and
glycinergic synaptic transmission in embryonic spinal motor net-
works has not yet been reported. Using whole-cell patch-clamp
recordings from visually identified lumbar E11.5-E14.5 spinal
MNss (Fig. 1B), we first analyzed the ontogeny of isolated spon-
taneous postsynaptic activity. Postsynaptic currents (PSCs) were
defined in a classical way, as events with a fast rising phase and a
slow decay phase. At these ages, MN input resistance remained
>600 M(), whereas their input capacitance increased from
11.8 £5.0pF (n=10)atE11.5t0 19.8 = 1.8 pF (n = 21) at E14.5,
as previously described (Delpy et al., 2008).

AtE11.5, we observed no spontaneous synaptic activity on the
10 recorded MNs (data not shown). At E12.5, spontaneous iso-
lated PSCs were either still not detected or occurred at a low
frequency ranging from 0.004 to 0.03 Hz. Application of 30 mm
KCI did not increase synaptic activity (data not shown). Only
13.3% of MNs (n = 30) displayed PSCs with a frequency >0.05
Hz, ranging from 0.1 to 0.45 Hz (0.21 = 0.07 Hz; n = 4) (Fig.
1A-D1). The proportion of recorded cells displaying PSCs with a
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Figure1.  Spontaneous activity recorded in MNs from E12.5 to E14.5. A, Example of sponta-
neous activity recorded from an E12.5 MN. Application of 2 pum gabazine blocked postsynaptic-
like events (bottom traces), whereas small events were not affected. B, €, Example of
postsynaptic activity recorded at E13.5 and E14.5. BT, In a representative MN, gabazine appli-
cation (2 ) completely suppressed PSCs, indicating that they are mainly GABAergic. B2,
Superimposed traces of gabazine-sensitive PSCs (same MN as in B; n = 10). (1, In another
representative MN (E14.5), gabazine did not completely inhibit spontaneous postsynaptic ac-
tivity. These gabazine-resistant PSCs were completely blocked by strychnine (3 wm; bottom
trace), indicating that they were glycinergic. €2, Superimposed PSCs recorded in control condi-
tions (top trace; n = 10) or in the presence of gabazine (3 m; bottom trace; n = 10). D1,
Proportion of MNs with PSC frequency >0.05 Hzat E11.5-E14.5. D2, Glycinergic PSCs were first
detected at E13.5 and the proportion of cells displaying glycinergic PSCs increased at E14.5.

frequency >0.05 Hz increased to 90.5% (n = 24) at E13.5 and
100% (n = 21) at E14.5 (Fig. 1 DI). At E13.5, the most active cells
displayed PSCs with an averaged frequency of 0.22 * 0.04 Hz
(n = 21), whereas the three poorly active cells displayed PSCs
with a frequency ranging from 0.005 to 0.02 Hz. At E14.5, PSC
frequency significantly increased to 0.39 % 0.08 Hz (n = 21)
when compared with the most active cells recorded at E13.5
(Mann—Whitney test, p = 0.05).

At E12.5, all PSCs were blocked by the GABA ,R-specific an-
tagonist gabazine (2 uM), indicating that these synaptic currents
were GABAergic postsynaptic events (Fig. 1A). At E13.5, gaba-
zine abolished PSCs in 33.3% of the recorded MNs (Fig. 1BI),
whereas other MN's expressed a proportion of gabazine-resistant
PSCs that were fully blocked by strychnine, thus suggesting the
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Figure2. Spontaneous single-channel activity recorded in E12.5 lumbar MNs. A, Spontane-

ous single-channel currents obtained in patch-clamp whole-cell recordings were insensitive to
1 umTTX. B, Spontaneous activity was not prevented by gabazine application, indicating that it
does not only represent openings of GABA, receptors. €1, Conversely, an application of strych-
nine inhibited this activity, revealing GlyR activation. €2, Superimposed point-per-point ampli-
tude histograms of channel openings obtained before (left) and during (right) strychnine
application. Each histogram was built from 12 consecutive 10 s epochs.

presence of GABAergic or glycinergic events, or both (Fig. 1 D2).
AtE14.5, 90.5% of the cells displayed GABAergic and glycinergic
PSCs (Fig. 1C1-D2). When present, glycinergic PSCs did not
appear more frequently in E14.5 compared with E13.5 MNs.
There was no significant difference (Mann—Whitney test, p >
0.1) in the proportion of gabazine-resistant PSCs between E13.5
(14.6 = 3%; n = 14) and E14.5 (21.9 = 4.2%; n = 19).
Whole-cell recordings also revealed spontaneously occurring
single-channel currents, which were more pronounced at E12.5
(Fig. 2A), and appeared well defined (4—5 pA at —60 mV) be-
cause of the high input resistance of MNs (722 = 37 M€); n = 30
at E12.5). Single-channel activity was characterized by inward
currents with a square time course (Fig. 2). The single-channel
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activity was quantified using point-per-
point current amplitude histograms (see
Materials and Methods). This single-
channel current activity was not signifi-
cantly decreased (Wilcoxon’s test, p >
0.1) by 1 uM TTX (3.6 * 6.2% decrease;
n = 6) (Fig. 2A) (i.e., they did not depend
on TTX-sensitive action potential firing).
They were not significantly inhibited
(Wilcoxon’s test, p > 0.1) by 2 uM gaba-
zine (2.9 = 14.2% decrease; n = 5 cells)
(Fig. 2B) but were significantly inhibited
(Wilcoxon’s test, p < 0.01) by 1-3 um
strychnine (83.8 * 3.5% decrease; n = 9
cells) (Fig. 2C), indicating that they reflect
spontaneous GlyR activation.

The strychnine-sensitive and TTX-
insensitive single-channel activity sug-
gests that GlyRs expressed by E12.5 MNs
are continuously activated by the presence
of endogenous agonist in the extracellular
space. We therefore tested whether this
tonic activity influenced the resting mem-
brane potential of E12.5 MNs. MNs were
recorded in current-clamp mode with the
equilibrium chloride potential set at phys-
iological value for this age (E,_ = —30
mV), as previously described (Delpy et al.,
2008). Bath application of strychnine (5
uM) hyperpolarized the membrane po-
tential of all tested MNs (4.4 = 0.6 mV;
n = 9), and in six of them, there was a
39.4 £ 5% decrease in the membrane
noise fluctuation (Wilcoxon’s matched
test, p < 0.01) (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemen-
tal material) [change in the membrane
noise fluctuation was estimated by calcu-
lating the coefficient of variation (CV) of
the noise (CV = SD/mean)]. This indi-
cates that spontaneous GlyR activity can
sustain a significant depolarization of

the MNs. Figure 3.
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Radial cells contain glycine in the mouse lumbar embryonic spinal cord. A7, Double glycine (red) and Islet1/2 (green)

immunostaining at E12.5. A2, Note that glycine-ir fibers (red) invade the motoneuronal area surrounding Islet1/2-ir MNs (arrowheads).

Radial cell fibers contain glycine

Glycine-ir neurons are sparse in the ven-
tral part of the mouse lumbar SC at E12.5
(Allain et al., 2006), arguing against a gly-
cine release from interneurons. At this
age, glycine-ir fibers radiate to the border
of the ventral horn (Allain et al., 2006)
across Islet 1/2-ir motoneuronal pools
(Fig. 3A). Since this morphology resembles RCs, we determined
whether glycine-ir fibers are from RCs by performing double im-
munolabeling against glycine and nestin or against glycine and
RC2. Nestin and RC2 are intermediate filament proteins ex-
pressed in RCs including neuroepithelial and radial glial cells
(Hartfuss et al., 2001). We found that glycine-ir fibers were
stained with anti-nestin (Fig. 3C) and anti-RC2 antibodies (Fig.
3D), indicating that they are RC fibers. Double labelings per-
formed from E11.5 to E15.5 also revealed that RC fibers briefly
express glycine immunoreactivity, the proportion of glycine-ir
RCsbeing maximal at E13.5 (79.1 = 3.8%; n = 18) (Fig. 3E). After

A3, Scheme of the sagittal slice in A7 showing the location of Islet1/2-ir MNs (green). d, Dorsal; v, ventral; vz, ventricular zone. B7, Confocal
image of an E12.5 neuron, located in the MN area, recorded and filled with Neurobiotin. The image represents a stack of 91 confocal optical
sections (0.3 um thick each). B2—B4, Example of a neuron filled with Neurobiotin and immunostained with the MN marker Islet1/2.
€, Double glycine (CT; red) and nestin (€2; green) immunostaining at E12.5. D, Double glycine (D7; red) and RC2 (D2; green) labeling at
E12.5. €3, D3, Nestin-ir and RC2-ir fibers (arrows) contain glycine. £, Changes in the percentage of RCs expressing glycine between E11.5
and E15.5. The percentage of RCs expressing glycine (yellow) is maximal at E13.5. Above the bars are shown the number of SC sections
analyzed. Error bars indicate SEM. €, D, Each image corresponds to a single 0.3- m-thick confocal section.

E15.5, nestin immunoreactivity disappeared (data not shown), as
already described in the rat SC (Barry and McDermott, 2005).
Taurine is another GlyR agonist known to be released before
synaptogenesis in the neonatal rat cortex (Flint et al., 1998).
Therefore, taurine could also be an endogenous GlyR agonist in
the embryonic mouse SC. To determine whether taurine was
also present in E12.5 lumbar SC, we performed a double im-
munolabeling using anti-taurine and anti-nestin antibodies.
Taurine was only detected in the lateral border of the marginal
zone in E12.5 lumbar SC sections (supplemental Fig. 2 B, avail-
able at www.jneurosci.org as supplemental material). We did not
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detect taurine staining either in the ventral motor area or in the
RCs (supplemental Fig. 2 B3, available at www.jneurosci.org as
supplemental material), which makes it unlikely that taurine
could account for activation of GlyR on MNs.

Glycine is released in response to cell membrane stretch

Detecting glycine immunoreactivity within RC fibers does not
necessarily imply that glycine is released by RCs. To demonstrate
glycine release, we first used outside-out patches from CHO cells
expressing embryonic homomeric a2 GlyRs as a “sniffer” (sup-
plemental Fig. 3, available at www.jneurosci.org as supplemental
material) to reveal the presence of glycine in the extracellular
space within the MN area. Glycine ECs, is close to 200 uMm for ho-
momeric a2 GlyRs (Mangin et al., 2003). Note that homomeric o2
GlyRs are poorly sensitive to taurine with a taurine EC5, being 10
times higher than the glycine EC5, (De Saint Jan et al., 2001).

When inserting the sniffer electrode in the vicinity of MNs, we
recorded outside-out currents (supplemental Fig. 3B, available at
www.jneurosci.org as supplemental material). These currents
were characterized by an initial peak followed by a deactivation
phase (Fig. 4 A1, A2) that did not result from GlyR desensitization
(Fig.4). Before E14.5, GlyR activity was still observed 15 min after
inserting the sniffer electrode (Fig. 4A1). We estimated the peak
concentration of glycine around MNs to be 100 um at E11.5—
E13.5 (Fig. 4B1-B3) and 30 uM at E14.5 (Fig. 4B4). We found
that the glycine concentration accounting for GlyR activity 15
min after the sniffer electrode insertion was low (<10 um) but
sufficient to activate GlyR between E11.5 and E13.5 (Fig. 4C). It
was maximal at E13.5 and, hence, likely to reflect basal extracel-
lular glycine concentration accounting for the spontaneous GlyR
activity recorded in motoneurons (Fig. 2). We did not detect any
GlyR activity 15 min after the sniffer electrode insertion at E14.5,
thus indicating that glycine concentration is below the detection
threshold of the sniffer patch (Fig. 4C).

The possibility of evoking glycine release, and hence GlyR
activation, by inducing a global cell membrane depolarization,
was tested using bath application of 30 mm KCI. Increasing [K *],
at E12.5-E14.5 did not evoke any significant GlyR activation in
the sniffer patch (Fig. 5A, E). Thus, glycine cannot be released (or
is released at a concentration too low to be detected by the sniffer)
in response to cell membrane depolarization.

Because nonsynaptic release of neurotransmitters can also be
evoked by cell membrane stretches (Chavas et al., 2004), we
tested the effect of applying a hypotonic solution to our prepara-
tion. Lowering the external osmotic pressure is known to evoke
swelling, which in turn increases the mechanical tension of cell
membranes. A medium osmolarity of 200 mosmol/kg H,O was
chosen according to what is known for mechanical release of ATP
by astrocytes (Liu et al., 2008). As shown in Figure 5B, a large
inward current, reflecting a release of glycine, was reproducibly
induced when reducing extracellular osmotic pressure from 325
to 200 mosmol/kg H,O (i.e., 40% reduction). This glycine release
was observed at all stages tested (E11.5-E14.5) and was reversed
when the osmotic pressure was restored to control value (325
mosmol/kg H,0) (Fig. 5B). Since reducing the osmolarity also
decreases [Na '], and [Cl~],, we determined whether a GlyR
activation in the sniffer patch could still be observed when the
osmotic pressure is restored using glycerol. Glycerol had no no-
ticeable effect on GlyR intrinsic activation properties (data not
shown). Restoring the osmotic pressure with a glycerol solution
suppressed outside-out current, whereas an additional hypotonic
challenge reactivated GlyRs in the sniffer patch (n = 4) (Fig. 5C),
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Figure4. Estimation of the endogenous [glycine], within the motoneuronal area using the
sniffer technique. A, Left-hand traces, Examples of GlyR activity recorded from a sniffer posi-
tioned (horizontal line) within the lumbar motoneuronal area at E12.5 (A7) and at E14.5 (42).
AT, Note that, at E12.5, GlyRs remained activated 15 min after positioning the electrode within
the SC. The right-hand panels in A7 and A2 correspond to sniffer responses evoked by exoge-
nous application of 10, 30, and 100 wm glycine onto the same outside-out patch illustrated on
the left panels. Glycine was applied after pulling the sniffer electrode out of the SC. B, Estimation
of the [glycine], detected by the sniffer patch at E11.5 (BT), E12.5 (B2), E13.5 (B3), and E14.5
(B4).To compare sniffer responses observed after positioning the electrode within the SCwith
responses evoked by different exogenous applications of glycine, responses were normalized to
currents evoked by 100 wm glycine. Note that the peak amplitude of the currents obtained
within the motoneuronal area (gray bar) at E11.5 (B1), E12.5 (B2), and E13.5 (B3) was signif-
icantly different from the amplitude of the current evoked by the application of <30 um
glycine (ANOVA test, *p << 0.05, **p << 0.01). B4, Endogenous [glycine],, estimated at the
peak of the sniffer response, was close to 30 um at E14.5. , The residual concentration level of
glycine in the extracellular space was estimated 15 min after positioning the sniffer electrode
within the motoneuronal area. The residual sniffer response amplitude was normalized to the
outside-out current evoked by 10 m glycine application. Note that the basal concentration of
glycine was maximal at E12.5 and E13.5 (Kruskal-Wallis test, *p << 0.05). It was probably
between 3 and 10 wum, 3 um glycine being unable to activate homomeric a2 GlyRs. Note that,
at E14.5, the sniffer electrode failed to detect the presence of glycine in the extracellular space.
Error bars indicate SEM.

indicating that glycine release is selectively evoked by decreasing
the osmotic pressure. To test whether glycine release could be
evoked by mechanical stimuli alone, we touched a fired polished
electrode on the surface of the SC (club-ending with a 5-10 um
tip) to stimulate the radial cell end feet, as previously described
for mechanical stimulation of astrocytic end feet in the hip-
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pocampus (Kozlov et al., 2006). The club- AlE125 30 mM KCl A2 E14.5 30 mMKCl
ending of the electrode was first approached _ v _—

to the surface of the SC under visual control 7 w e //erlrlm
and then was pushed by 5-10 wm. We ob-

served that such a stimulus can indeed evoke
sniffer GlyR activity and, hence, glycine re-
lease (Fig. 5D) (n = 3).

Glycine is released from RC fibers

To determine whether the glycine release
evoked by a hypotonic solution can origi-
nate from RC fibers, we first compared, at
E12.5, the percentage of glycine-ir RC fi-
bers, located in the marginal zone of lum-
bar SC sections in control conditions (325
mosmol/kg H,0O ACSF) or exposed to hy-
potonic ACSF (200 mosmol/kg H,O)
with or without GlyT blockers (1 um
ALX-5407, a GlyT1 specific blocker, and C
0.5 uwm ALX-1393, ablocker of both GlyT1
and GlyT2). A combined treatment with
GlyT blockers and a hypotonic shock led
to a complete loss of glycine immunoreac-
tivity in RC fibers (Fig. 6 A, B). Treatment
with either GlyT blockers alone or hypo-
tonic ACSF alone significantly reduced
glycine immunoreactivity in RC fibers,
but to a lesser extent than the combined D
treatment (Fig. 6C). Hypotonic solutions
did not change taurine immunoreactivity
detected in the marginal zone of the SC
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(data not shown), which confirms that
taurine release is unlikely to be involved in
the sniffer response.

Because RCs express GlyT1 only (Jursky
and Nelson, 1996) and since GlyT blockers
reduced the proportion of glycine-ir RC fi-
bers, these results also indicate that gly-
cine efflux could occur even in control
conditions and that GlyT1 mediates gly-
cine uptake rather than efflux even in the
presence of a hypotonic solution. When
penetrating the SC with the sniffer elec-
trode, we observed an initial peak of acti-
vation followed by a slow decay (Fig. 4). It
is likely that this initial peak reflects gly-
cine release evoked when the electrode
penetrates the SC (Fig. 5D). As shown in
Figure 7, the decay rate of the sniffer cur-
rent becomes faster at E14.5 than at E12.5 (Fig. 7AI-BI). The
decay rate was estimated by measuring the duration of the sniffer
currentat 20% of the peak amplitude. The decay rate of the sniffer
response was in the second time range at all age tested (Fig. 7) and
did not change significantly between E11.5 and E13.5 (Kruskal—
Wallis rank sum test, p > 0.1) (Fig. 7C). At E11.5, the 20% peak
amplitude duration was 62.4 * 9.8 s (n = 7). The 20% peak
amplitude duration was 84.4 = 12s (n = 21) at E12.5and 54.8 =
11.6 s (n = 12) at E13.5. It became significantly shorter at E14.5
(20.6 = 3.4 s; n = 21) (Kruskal-Wallis rank sum test, p < 0.01)
(Fig. 7C). The decay rate of the sniffer response might then reflect
some clearance mechanisms attributable to GlyT activity, which
becomes more efficient at E14.5. This was confirmed by incubat-
ing SCs with the GlyT1 blocker ALX-5407, which resulted in a

Sniffer

Figure5.

®
o

'
o

% Peak current

—150 pA 6\@
2s

Glycine release can be evoked by hypotonic shocks. A7, GlyR activity in a sniffer patch recorded inan E12.5 SCwith the
sniffer electrode positioned (arrow) within the motoneuronal area. Application of 30 mm KCl did not evoke any significant increase
inGlyRactivity at E12.5. A2, Similar experiment performed at E14.5. B, Repetitive outside-out sniffer GlyR activation in response to
200 mosmol/kg H,0 solution at E13.5 (control, 325 mosmol/kg H,0; 10 min interval between applications). C, The effect of a
hypotonic solution can be reversed by a glycerol-supplemented solution (325 mosmol/kg H,0). D, A mechanical stimulation made
using a fire-polished club-ending patch pipette (arrow) on the ventral part of the SC evoked reproducible sniffer GlyR activation.
E, Amplitudes of responses evoked by 30 mm KCI or hypotonic solutions, normalized to the peak amplitude of the current evoked
when penetrating the SC. Note that the amplitude of the sniffer response evoked by a hypotonic solution significantly decreased
(Mann—Whitney test, **p << 0.01) between E12.5 and E14.5. Error bars indicate SEM.

significant increase (Mann—Whitney test, p < 0.01) in the decay
rate of the sniffer current at E14.5 (Fig. 7D) and in the occurrence
of a basal GlyR activation (Fig. 7B2), as observed in control con-
ditionsat E12.5 (Figs.4A1,7A1). These results suggest that GlyT1
transporter activity lowers the basal level of extracellular glycine
concentration below the GlyR activation threshold at E14.5. Tt
has also to be noted that ALX-5407 significantly increased (Man-
n—Whitney test, p < 0.01) the decay rate of the sniffer current at
E12.5 (Fig. 7C), indicating that some GlyT1 are already active at
this age.

Together, our data, obtained using a multiple approach,
clearly show that the spontaneous activation of GlyRs that was
detected on motoneurons results from the release of glycine
from RCs.
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Figure 6.  Glycine can be released by RCs in E12.5 embryonic spinal cords. A, Double immunostaining showing glycine-ir RCs in control conditions (325 mosmol/kg H,0). Anti-nestin (green),
anti-glycine (red), and merged images are shown. Arrows, Examples of double-stained RC end feet. B, Exposing the embryonic SC to 200 mosmol/kg H,0 solution during 1 h in the presence of GlyT
blockers abolished the glycine labeling in nestin-ir RCs. Images are single 0.3- um-thick confocal images. €, Variation in the proportion of double-stained glycine/nestin RC fibers according to various
pharmacological treatments. Note that the simultaneous application of SKF-96365 and flufenamic acid partially reversed the effect induced by a hypotonic solution in the presence of GlyT blockers.
Statistical tests are one-way ANOVA followed by a Dunnett’s multiple comparison (test vs control or hypotonic/GlyT blockers: *p << 0.05; **p << 0.01). The number of sections analyzed in each

condition is indicated above the bars. Error bars indicate SEM.

Glycine release from RCs and Ca’*

The sniffer currents evoked by hypotonic solutions cannot result
from glycine release attributable to action potential firing since
they were still observed in the presence of TTX (Fig. 8 A). Neuro-
transmitter release from RCs is related to Ca®" influx, at least in
the developing cortex (Weissman et al., 2004). We also found that
glycine release evoked by hypotonic solutions partially requires
Ca** influx (Fig. 8 B). The reversible decrease in the sniffer re-
sponse amplitude in the absence of external calcium (Fig. 8 B)
cannot result from a direct effect on GlyR activation. Indeed, the
responses evoked by 100 uM glycine application were not signif-
icantly (Wilcoxon’s test, p > 0.1) modified in the absence of
external Ca*™ (95 %+ 5.9% of control; n = 4) (supplemental Fig.
5A, available at www.jneurosci.org as supplemental material).
Since the application of a high [K™], solution failed to evoke a
sniffer response, it is unlikely that voltage-gated Ca*" channels
are involved in glycine release from RCs. Hence we analyzed the
effect of nonselective Ca** channel blockers Gd** (100 um),
SKF-96365 (100 um), and flufenamic acid (100 wm). Gd>™ at 100
puM had no significant effect (Wilcoxon’s test, p > 0.1) on
outside-out currents evoked by 100 uMm glycine application (93 =
7% of control; n = 4) (supplemental Fig. 5B, available at www.
jneurosci.org as supplemental material). Gd>*, SKF-96365, or
flufenamic acid partially inhibited the sniffer response to a hypo-
tonic shock. Gd°* had a smaller effect than flufenamic acid (Fig.
8C,D). The effects of SKF-96365 or flufenamic acid were irrevers-
ible (Fig. 8 D, E) and were not attributable to a direct inhibition of
GlyRs only (supplemental Fig. 5C,D, available at www.jneurosci.
org as supplemental material). Effectively, although the coappli-
cation of SKF-96365 and 100 uMm glycine or of flufenamic acid
and 100 uM glycine decreased outside-out current amplitudes by
86.3 = 8% (n = 6) and 93.1 * 1% (n = 3), respectively, these
inhibitory effects of SKF-96365 and flufenamic acid were revers-
ible (supplemental Fig. 5C,D, available at www.jneurosci.org as
supplemental material). When glycine was applied 2 min after the

coapplication of SKF-96365 and glycine or after the coapplica-
tion of flufenamic acid and glycine, the amplitude of the evoked
outside-out currents was 96.5 = 6.5% (n = 6) and 81 * 8% of
control (n = 3), respectively.

We then used immunohistochemistry to test whether glycine
release from RCs induced by a hypotonic challenge in the pres-
ence of GlyT blockers may be prevented by Gd>™, SKF-96365,
and flufenamic acid. We quantified the proportion of RC fibers
containing glycine in E12.5 lumbar SC exposed to the following:
hypotonic shock, GlyT blockers, hypotonic shock/GlyT blockers
with Gd>* or SKF-96365/flufenamic acid (Fig. 6C). We found
that, in the presence of Gd>* (100 uMm), there was a moderate
but not significant increase in the percentage of RC fibers still
containing glycine after hypotonic challenge with GlyT block-
ers (1.9 £ 1.0%, n = 7,vs 0.9 = 0.6%, n = 25; p = 0.08). The
addition of SKF-96365 (100 um) and flufenamic acid (100 M)
had a stronger effect than Gd>". These blockers increased >10
times ( p < 0.01) the proportion of glycine-ir RC fibers after
hypotonic challenge in the presence of GlyT blockers (24.4 =
3.7%; n = 10) (Fig. 6C).

Nonvesicular release of glycine from RCs

Because glycine release, evoked in response to hypotonic shock,
was reduced in the absence of external Ca**, we supposed that it
could reflect vesicular release of glycine. To test whether glycine
release is vesicular, we analyzed the effect of preincubation (dur-
ing 1-3 h at 35°C) with 4 um bafilomycin A1, an inhibitor of the
V (vacuolar)-ATPase that prevents the entrance of neurotrans-
mitters into synaptic vesicles (Cousin and Nicholls, 1997). Gly-
cine release evoked by hypotonic shock was analyzed using sniffer
patches in E14.5 SCs because many synapses are functional at this
embryonic age. We first analyzed the effect of this toxin on the
spontaneous and evoked synaptic activity (elevated [K*],) re-
corded on spinal MNs (Fig. 9A1, A2). The application of 30 mm
KCl dramatically increased the frequency of postsynaptic events
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(Fig. 9A1) and preincubation with bafilo- A1
mycin was able to completely eliminate

E12.5

control
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A2

spontaneous and evoked PSCs (n = 6), |
indicating that synaptic vesicular release
was impaired (Fig. 9A2). In these prepara-
tions, the hypotonic solution was still able
to evoke a sniffer current (Fig. 9A3), sug-
gesting that glycine released by this
method is unlikely to be vesicular.

In addition, we could not detect im-
munoreactivity for the vesicular inhibi-
tory amino acid transporters (VIAATS)
for glycine inside glycine-ir RCs (supple-
mental Fig. 6, available at www.jneurosci.

+ ALX-5407
I

org as supplemental material), reinforcing

the hypothesis of a nonvesicular release of 20 % ,_ I o
glycine from RCs. 50 pA
Glycine release could alternatively re-
sult from the opening of large channels in : .
: 2 min
response to membrane stretch such as -
hemichannels formed by connexins or
. E125 E145

pannexins, P2X; receptors, and/or the C D
TRPV1 (Suadicani et al., 2006; Chung et *k
al., 2008; Iovine et al., 2008). Unopposed 23 100 )

) : =35 ns. °©
hemichannels are present on RCs in the s 2 S 2
cortex of fetal rats (Elias et al., 2007). = > ==
Other proteins such as the noncanonical S % 60 _g %
connexin C23 (Iovine et al., 2008) or the E x x R
TRPV1 (Chunget al., 2008) can also allow § 2 20 K &
the permeation of small molecules. In that = n=7 | |n=21| |n=12

context, it is important to notice that
flufenamic acid can block connexins
(Weissman et al., 2004), P2X, receptors
(Suadicani et al., 2006), and transient re-
ceptor potential (TRP) channels (for re-

E11.5 E12.5 E13.5 E14.5

view, see Pedersen and Nilius, 2007).
We therefore determined whether
functional hemichannels and P2X; recep-
tors are present on SC RCs by using a clas-
sical procedure to reveal the presence of
connexin or pannexin hemichannels on
RCsin the SC of fetal mice at E12.5-E13.5.
Radial cell bodies are located in the me-
dian zone of the ventromedian part of the
lumbar SC. Hemichannels are permeable
to the small anionic fluorescent dye LY

Figure7.  Glycine transporter GlyT1 participates in glycine clearance from the extracellular space. A7, B, Examples of sniffer responses
recorded at E12.5 (A7) and at E14.5 (B1) in the absence of the GlyT1 blocker ALX-5407. The sniffer response time course was estimated by
measuring the duration of the sniffer current at 20% of the peak amplitude of the deactivation phase of the sniffer current. Note that the
deactivation time course of the outside-out currents recorded at E14.5 became considerably faster than at E12.5 and that channel activity of
the sniffer disappeared 2—4 min after positioning the sniffer electrode in the motoneuronal area. A2, B2, Effect of ALX-5407, a GlyT1
blocker, onthe time course of the sniffer currentat E12.5 (A2) and at E14.5 (B2). Note that the application of ALX-5407 at E14.5 considerably
lengthened the sniffer response (B2). C, The 20% peak amplitude duration of the sniffer current from E11.5 to E14.5. Note that the 20%
peak amplitude duration is shorter at E14.5 (Kruskal-Wallis test, **p << 0.01). D, Effect of ALX-5407 on the sniffer response time course,
estimated by the duration of the sniffer current measured at 20% of the peak amplitude (see traces in A and B). ALX-5407 application
significantly increased the 20% peak amplitude duration of the sniffer current both at E12.5 (137.7 == 16.85;n = 21) and E14.5(110.1 =
274s;n = 7) (Mann—Whitney test, *p < 0.05, **p << 0.01). In contrast to what is observed in control conditions (black bars; Mann—
Whitney test, **p << 0.01), the 20% peak amplitude duration measured in the presence of ALX-5407 (white bars) was not significantly

[molecular weight (MW) 457] or to the
cationic Neurobiotin (MW 322). LY can
pass through connexons or pannexons (Shestopalov and Pan-
chin, 2008) as well as through P2X; receptors (Colomar and
Amédée, 2001), and Neurobiotin can pass through hemichannels
formed by connexin C23 (Iovine et al., 2008). In control condi-
tions (325 mosmol/kg H,O), some cells (22.5 * 2.5 cells; n = 12
slices; 4 lumbar slices per SC; 3 SCs) displayed a low LY staining.
Applying a hypotonic solution (200 mosmol/kg H,O) did not sig-
nificantly change (Mann—Whitney test, p > 0.05) LY uptake by cells
located in the ventromedian part of the lumbar SC (15.3 = 3.1
cells; n = 12 slices; 4 lumbar slices per SC; 3 SCs) (supplemen-
tal Fig. 7A, available at www.jneurosci.org as supplemental
material). In control conditions (325 mosmol/kg H,O), very
few cells displayed Neurobiotin staining in the ventromedian part
of the lumbar SC (1.7 % 0.4 cells; n = 12 slices; 4 lumbar slices per
SGC; 3 SCs). Applying a hypotonic solution (200 mosmol/kg H,O)

different between E12.5 and E14.5 (Mann—Whitney test, p > 0.1). Error bars indicate SEM.

did not significantly change (Mann—Whitney test, p > 0.05) the
number of cells displaying Neurobiotin staining (0.8 % 0.2 cells;
n = 12 slices; 4 lumbar slices per SC; 3 SCs) (supplemental Fig.
7B, available at www.jneurosci.org as supplemental material).
Moreover, 20 uMm ATP application (P2X receptor agonist) did not
evoke any GlyR sniffer activation (n = 4), and neither did 10 um
capsaicin, a TRPV1 agonist (n = 4) (supplemental Fig. 7C, avail-
able at www.jneurosci.org as supplemental material). Accord-
ingly, these findings do not support the implication of
hemiconnexins, P2X or TRPV1 receptors in glycine release.

We have shown that flufenamic acid and SKF-96365 partially
inhibit the sniffer response to a hypotonic shock (Fig. 8 D,E).
Flufenamic acid is also known to block chloride channels (Do et
al., 2006; Greenwood and Leblanc, 2007). Hence, it seems possible
that volume-sensitive chloride channels may also be involved in
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Figure 8.  Effect of TTX, low [Ca**],, Gd*", flufenamic acid, or SKF-96365 on glycine release evoked by the application of a
hypotonicsolution. A, TTX application did not significantly change the amplitude of the sniffer currents (105.8 == 9.8% of control;
n = 5) evoked by the application of a hypotonic solution, indicating that the glycine release evoked by membrane stretch caused
by cell swelling is independent of Na ™ action potential firing. B, To determine whether glycine release evoked by hypotonic
solution is dependent on external Ca", we analyzed the effect of a low Ca* external solution (0 mm [Ca® "], and T mmEGTA).
The amplitude of the evoked sniffer current was significantly (Wilcoxon's test, p << 0.01) and reversibly decreased by 56.9 = 11%
(n=4)inthe presence of a Ca > "-free solution, indicating that glycine release in response to membrane stretch necessitates Ca >+
influx. €, Application of 100 wm gadolinium (Gd*) reversibly inhibited the sniffer response to hypotonic shock by 61.2 = 7.4%
(n = 4).D, E, Asingle application (2— 4 min) of 100 m flufenamic acid or 100 m SKF-96365 evoked an inhibition of the sniffer
response by 89.1 == 2.6% (n = 5) and 81.6 == 5.4% (n = 8), respectively. The sniffer responses induced by hypotonic solution
were still decreased 10 min after the end of the application of these inhibitors. This was not attributable to direct inhibition of
glycine-evoked responses (supplemental Fig. 7, available at www.jneurosci.org as supplemental material). Ten minutes after the
end of the application of flufenamic acid and SKF-96365, sniffer response were decreased by 81.4 = 7.3 and 62.4 = 4.6%,
respectively. The inhibition evoked by flufenamic acid still remains significantly higher than Gd **-evoked inhibition (Mann—
Whitney test, p << 0.05). In two sniffer patches, we found thatinhibition of the sniffer responses still occurred 20 min after washing
out SKF-96365 or flufenamic acid (data not shown).
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In the presence of DCPIB (10 um),
there was a significant increase in the per-
centage of RC fibers containing glycine
after hypotonic challenge with GlyT block-
ers when compared with data obtained
after hypotonic challenge with GlyT block-
ers in the absence of DCPIB (49.3 = 3.8%,
n=14,vs 1.1 = 0.6%, n = 28; p < 0.01,
Dunnett’s multiple comparison after one-
way ANOVA) (Fig. 9B). Interestingly, this
percentage in DCPIB-treated preparations
was not significantly different from control
(57.8 = 3.4%; n = 23). Similar results were
obtained with 10 um phloretin, another
blocker of VSOR channels (Liu et al., 2008):
phloretin significantly increased the per-
centage of glycine-ir RC fibers detected after
a hypotonic shock with GlyT blockers
(32.5+4.3%,n=4,vs 1.1 £ 0.6%, n = 28;
p < 0.01, Dunnett’s multiple comparison)
(Fig. 9B4). The percentage of RC fibers in
phloretin-treated preparations was also not
significantly different from control. Hence,
we analyzed the effect of DCPIB (10 um)
and phloretin (10 uM) on the sniffer re-
sponse to a hypotonic shock (supplemental
Fig. 7 D, E, available at www.jneurosci.org as
supplemental material). Both DCPIB and
phloretin inhibited the sniffer response to a
hypotonic shock (86.7 = 5.9% block for
DCPIB, n = 5, and 78.3 = 11.8% block for
phloretin, # = 3). This was not attributable
to direct inhibition of glycine-evoked re-
sponses (supplemental Fig. 5, available at
www.jneurosci.org as supplemental mate-
rial) at least for DCPIB. Indeed, the sniffer
responses induced by hypotonic solution
were still decreased 10 min after the end of
the application of DCPIB (80.5 = 8% block;
n = 5). This was significantly different
(Mann—Whitney test, p < 0.01) from the
decrease in GlyR activation observed 10 min
after the end of DCPIB application (23.1 =
5.6%; n = 9). The inhibition of the sniffer
response evoked by phloretin was also
poorly reversible. We observed a 76.7 *
11.1% inhibition (n = 3) 10 min after the
end of the application of this drug (supple-
mental Fig. 7E, available at www.jneurosci.
org as supplemental material). However,
phloretin-evoked inhibition of GlyR activa-
tion was also poorly reversible (64.1 *
7.1%; n = 6) (supplemental Fig. 5F, avail-
able at www.jneurosci.org as supplemental
material), which precluded making any

glycine release. For example, VSOR anion channels have been
suggested to release small molecules after mechanical stimuli (Liu
et al., 2008). We looked for a possible involvement of VSOR in
glycine release from RCs, by quantifying the proportion of RC
fibers containing glycine in E12.5 lumbar SC in control condition
or having been exposed to hypotonic shock/GlyT blockers in the
absence or in the presence of DCPIB, a specific blocker of VSOR
channels (Liu et al., 2008).

conclusion on the effect of phloretin on glycine release using the
sniffer recording technique.

Functional relevance of early glycine release from RCs

Glycine has been described as the transmitter system required,
with ACh, for the propagation of the spontaneous rhythmic ac-
tivity in E12.5 embryonic mouse spinal cord (Hanson and Land-
messer, 2003). We performed multiple extracellular recordings
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Glycine released by RCs in E12.5 spinal cords was not impaired after blocking vesicular proton transporters but was inhibited by VSOR blockers. A7, Spontaneous postsynaptic activity

recorded in control conditions and in the presence of 30 mum KCI. Note the dramaticincrease in PSCactivity (insets) during the application of 30 mmKCl. A2, Preincubation of SCs with 4 wum bafilomycin
A1 resulted in a complete disappearance of spontaneous or evoked (inset) PSCs. A3, A hypotonic shock can still evoke GlyR activation of a sniffer patch in SCs preincubated with bafilomycin A1. The
sniffer response shown in A3 and the whole-cell current shown in A2 were obtained from the same SC. Bafilomycin A1 experiments were performed on E14.5 lumbar SC. B1-B3, Confocal
sections showing that glycine (red) is still detected in nestin-ir RCs (green) when DCPIB (10 um) is added to the ACSF after a hypotonic challenge in the presence of GlyT blockers. The
arrows point to glycine-ir RC end feet. B4, Variation in the proportion of double-stained glycine/nestin RC fibers according to pharmacological treatment. Statistical tests are one-way
ANOVA followed by a Dunnett’s multiple comparison (test vs control or hypotonic/GlyT blockers: *p << 0.05; **p << 0.01). The number of sections analyzed in each condition is indicated

above the bars. Error bars indicate SEM.

from E12.5 spinal cords to assess the implication of glycine re-
leased from RCs in rhythmic spontaneous activity expressed by
motor networks. Because blocking the glycine transporters GlyT1
decreased glycine radial cell content (Fig. 6) and increased extra-
cellular glycine concentration (Fig. 7), we first compared the ef-
fect of the GlyR antagonist strychnine (5 um) with the effect of
ALX-5407 (1 uwM). We did not test the effect of the VSOR blocker
DCPIB and phloretin since these compounds partially inhib-
ited GlyR activation (see above) (supplemental Fig. 5, avail-
able at www.jneurosci.org as supplemental material). As
shown in Figure 10, strychnine and ALX-5407 (n = 6 experi-
ments) had opposite effects on the spontaneous bursting ac-
tivity of the spinal cord. Strychnine decreased the burst
duration from 3.26 % 0.20 to 2.88 = 1.13 s, whereas ALX-5407
significantly increased it from 3.30 = 0.33 to 4.12 *= 0.70 s.
Strychnine also decreased the burst area from 666.7 * 96.2
(arbitrary units) to 544.6 = 89.8, whereas ALX-5407 increased
it from 604.0 * 104.5 to 730.5 * 145.1. Finally, strychnine
increased the period of recurring bursts of activity from
173.9 = 19.3 to 311.0 = 50.8 s, whereas ALX-5407 signifi-
cantly reduced the period from 167.5 £ 10.3to 111.7 = 2.6 s
(*p <0.05, Wilcoxon’s matched pairs tests). Strychnine appli-
cation also slowed down the propagation of spontaneous ac-
tivity along the cord. The delay between cervical and lumbar
recording sites was 1.23 * 0.18 s in control condition versus
2.56 * 0.43 sin the presence of strychnine (n = 6 experiments;
p < 0.05, Wilcoxon’s matched pairs test) (only bursts propa-
gating rostrocaudally were quantified, these latter being the
most common).

We then tested, at E12.5, whether strychnine affects the prop-
agation of evoked activity (electrical stimulation at the cervical
level). Although strychnine affected the propagation of the elec-
trical activity across the spinal cord, it did not prevent it. As
illustrated in Figure 10A2, spontaneous bursts still traveled
across the spinal cord in strychnine condition, but with a much
longer delay between cervical and lumbar recording levels. The
strychnine treatment also considerably slowed down the propa-
gation of evoked bursts (Fig. 10, compare Al and A2, bottom
traces). In two experiments, in the presence of strychnine, the
burst evoked by a threshold electrical stimulation (0.04 V) van-
ished before reaching the thoracic and lumbar recording elec-
trodes (Fig. 10C2). However, a slight increase of the stimulation
intensity (0.05 V) (Fig. 10C3) restored a rostrocaudally propagat-
ing activity, indicating that glycine release is not essential for the
propagation of the activity along the spinal cord. The delay be-
tween cervical and lumbar level was 1.40 * 0.11 s in control
condition and 2.81 * 0.14 s in the presence of strychnine and
when the stimulation intensity was raised (n = 8 from four ex-
periments; p < 0.05, Wilcoxon’s matched pairs test).

Discussion

Although a nonsynaptic release of classical neurotransmitters
such as GABA and glutamate was previously described in the
developing CNS (for review, see Ben-Ari, 2001; Spitzer, 2006),
the cellular origin and the mechanisms of this first neurotrans-
mitter release at early developmental stages was never clearly ad-
dressed in vivo. In this paper, we provide the first evidence of the
release of the classical neurotransmitter glycine by RCs at early
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Glycine release controls the spontaneous activity at E12.5. 4, Simultaneous extracellular recordings of spontaneous activity at cervical (C), thoracic (T), and lumbar (L) levels from E12.5

spinal cords in the absence (A7) and in the presence (42) of strychnine. Strychnine (5 m) slowed down the frequency of spontaneous activity simultaneously recorded at cervical (C), thoracic (T),
and lumbar (L) levels from E12.5 spinal cords. Note the reduction of the burst intensity and the decrease of the rostrocaudal propagation speed in the presence of strychnine. The arrows point at
recurring bursts of activity. B, Blocking GlyT1 by ALX-5407 (1 wum) accelerated the spontaneous activity frequency and increased the burst intensity. , Rostrocaudal propagation of bursts of activity
evoked by electrical stimulation (0.04 V) at the cervical level (closed to the cervical recording electrode) could be blocked by strychnine when using threshold intensity (€2) but was restored when
slightly increasing the intensity of stimulation (0.05 V) (€3). Note the longer propagation delay in the presence of strychnine.

stages of the SC development. Radial cells are involved in cell
migration and are potent neuronal and glial progenitors (Pinto
and Gotz, 2007). Here, we also give evidences that this release of
glycine at E12.5 modulates the propagation of the spontaneous
activity in the isolated embryonic spinal cord.

Taurine was initially proposed as the main GlyR agonist in the
developing CNS (Flint et al., 1998), but we found no evidence for
taurine release in the embryonic SC. Indeed, taurine immunore-
activity was restricted to the marginal zone and was not expressed
by RCs. Also, taurine immunoreactivity did not disappear in the
presence of a hypotonic solution, which makes it unlikely that
taurine is released by osmotic changes. Therefore, we propose
that glycine is the main endogenous GlyR agonist at early devel-
opmental stages of the SC neuronal networks, and this is rein-
forced by the fact that the extracellular endogenous GlyR agonist
concentration is enhanced in the presence of GlyT blockers.

Radial cells are the main source of glycine before E13.5

Both neuroepithelial cells and glial cell progenitors share similar,
radial, morphology. They also share expression of the intermedi-
ate filament nestin and the antigen for RC2 (Pinto and Gétz,
2007). In the mouse spinal cord, neuroepithelial cells appear at
the onset of the neurogenesis (E10), whereas radial glial cells
occur at E12/E13 when neurogenesis comes to an end (Barry and
McDermott, 2005). Since the proportion of glycine-ir radial cells
increases from E11.5 to E13.5 and since almost all radial cells
contain glycine at E13.5 (>80%), we assume that they are radial
glial cells. At E12.5, RCs appear to be the exclusive source of
glycine, glycinergic neurons being detected at E13.5 at more caudal

spinal levels only (Allain et al., 2006). After E13.5, the proportion
of RCs expressing glycine declines. This temporary expression of
glycine in RCs may rely on several mechanisms that are not mu-
tually exclusive. The first possibility is a developmental change in
the efficacy of radial cells in glycine (re)uptake. The expression of
GlyT1 by spinal radial cells in fetal mice increases from E11.5 to
E13.5 and then declines at later stages (Jursky and Nelson,
1996), which could suggest that radial cell glycine content
originates from glycine uptake. The second possibility is a
developmentally regulated synthesis of glycine by differentiat-
ing radial cells. Glycine is mainly formed via a complex meta-
bolic pathway in astroglia (Furuya et al., 2000) to provide a
microenvironment for optimal neuronal network develop-
ment and operation (de Koning et al., 2003).

Release of glycine and mechanical stimuli

Nonvesicular release was described for GABA and glutamate in
the developing cortex (Liu et al., 2005) and hippocampus
(Demarque et al., 2002; Le Meur et al., 2007). We show here that
the glycine release by RCs after a hypotonic shock is also nonve-
sicular. Because of its transport stoichiometry (2 Na™*/1 Cl7/1
glycine) (Aragén etal., 1987), GlyT1 can take up or release glycine
depending on the concentration of Na ™ or glycine and on the
membrane potential (Roux and Supplisson, 2000; Huang et al.,
2004). Although we cannot completely rule out the possibly that
GlyT1 also participates in glycine release from RCs in the embry-
onic SC, it is unlikely to be the major mechanism. Indeed, block-
ing GlyT1 decreases the proportion of glycine-ir RCs, indicating
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that the main function of the glycine transporters is more likely to
be (re)uptake of glycine into RC fibers.

Glycine release could be induced by mechanical stimuli and by
hypotonic shocks. Neurotransmitter release in response to me-
chanical stimuli in the embryo is still poorly understood, and the
corresponding physiological stimulus is unclear. However, there
is evidence suggesting that, at least in the developing cortex,
blood circulation through blood vessels could result in RC fiber
deformation (RCs extend intermediate branches around blood
vessels) and, hence, evoke neurotransmitter release (Weissman et
al., 2004). Cellular membrane deformation was also proposed to
explain mechanical-dependent release of GABA by astrocytes in
the olfactory bulbs of young rats (Kozlov et al., 2006). Accord-
ingly, because RCs include astroglial progenitors (Pinto and
Gotz, 2007), one may suppose that astrocytes maintain during
development a release mechanism already present in their pre-
cursor cells.

Another possible mechanical stimulus, although slow, could
be RC fiber local deformation during the migration of the new-
born neurons. Newly formed interneurons migrate from E10.5 to
E13.5 in the ventral horn (Goulding and Pfaff, 2005) and neuro-
nal migration could evoke mechanical stimuli and deformation
of radial cell fibers (Kriegstein and Noctor, 2004). Finally, a last
potential physiological stimulus could be the flow of the CSF
(Vigh et al., 2004) since radial cell fiber endings are located close
to the pial surface of the SC. Additional experiments will be nec-
essary to address this issue.

Glycine release mechanism(s)

Neurotransmitter release by mechanical stimuli was previously
described in the adult and in the developing CNS in slices (Flint et
al., 1998; Kozlov et al., 2006), but the release pathway remained to
be determined. One of the major problems to characterize the
release pathway involved in nonvesicular release of neurotrans-
mitter is the lack of strong specificity of the channel blockers
generally used to analyze the implication of TRPs, hemichannels,
P2XRs, and volume-sensitive chloride channels. For example,
flufenamic acid has been described as a TRP channel blocker
(Inoue et al., 2001; Lee et al., 2003), although it also interferes
with connexin/pannexin hemichannels, with P2X receptors (Lee
etal.,2001; Weissman et al., 2004) and with GlyRs (supplemental
Fig. 5, available at www.jneurosci.org as supplemental material).
To overcome this problem, we used a multiple approach, which
allowed us to exclude P2X receptors, TRPV1 receptors, and
hemichannels as potential release pathways for glycine. More-
over, Gd*", also known to be a potent TRP blocker (Hamill and
McBride, 1996; Cho et al., 2002), did not prevent loss of glycine
content from RCs, which makes unlikely that TRP activation is
involved in glycine release by RCs.

Accordingly, the last known candidate allowing glycine release
could be the VSOR anion channels (Liu et al., 2008) or the maxi
anion channels (Liu et al., 2006). Release of small molecules such
as ATP or glutamate, evoked by mechanical stimuli, can also
involve VSOR anion channels or maxi anion channels at least in
vitro (Liu et al., 2006, 2008). Since we were able to prevent the
decrease in RC glycine content evoked by hypotonic solution
using DCPIB and phloretin, two blockers of VSOR channels, and
since VSOR channels are poorly blocked by Gd>* (Decher et al.,
2001), we propose that glycine release involves mainly the open-
ing of VSOR channels. VSOR channels have a small pore radius
(~0.63 nm) allowing efflux of small amino acids only (Ternovsky
et al., 2004), such as glycine. Accordingly, the opening of VSOR
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channels cannot be detected during uptake experiments using
bigger molecules such as LY or Neurobiotin.

We also showed that glycine release is partly dependent on
Ca** influx, but, since glycine release cannot be evoked by high
[K™], solutions, it is unlikely to involve voltage-gated Ca*™
channels. We therefore cannot entirely exclude that glycine re-
lease is also modulated by voltage-independent Ca*" channels
(Christensen and Corey, 2007), but it is interesting to mention
that VSOR channel openings are also evoked by increasing
[Ca**]; and by activation of PLC1 (Varela et al., 2007).

Glycine release and functional early developing

neuronal network

Glycine synaptic release in the early mouse embryonic SC (E12.5)
has been proposed to be involved in the genesis of recurrent
episodes of spontaneous activity and their propagation along the
SC (Branchereau et al., 2002; Hanson and Landmesser, 2003).
This proposal was based on extracellular recordings and on phar-
macological studies using GlyR antagonists in vitro. However, we
show that glycinergic synaptic activity does not occur at E12.5
ruling out the possibility that a glycine synaptic network can be
involved in the intersegmental propagation of the spontaneous
electrical activity in the embryonic SC at this early stage. The first
functional synapses occur at E13.5 in the embryonic mouse lum-
bar SC and are GABAergic, being consistent with what is known
in other areas of the CNS (Ben-Ari, 2001). The lack of glycinergic
synaptic events is also consistent with the very low proportion of
glycinergic neurons detected at E12.5 (Allain et al., 2006). We
demonstrated that blocking GlyRs by strychnine depressed the
spontaneous activity, whereas increasing the glycine concentra-
tion by ALX-5407 boosted it. We therefore propose that fluctua-
tions of basal glycine concentrations, likely to be released from
RCs, influence the excitability of developing neural networks,
thereby modulating the propagation speed and the likelihood of
spontaneous activity propagating along the SC (Hanson and
Landmesser, 2003; Ren and Greer, 2003; Yvert et al., 2004).
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